Whole genome sequencing (WGS) of cancer patients' tumours offers the most comprehensive method of identifying both novel and known clinically-actionable genomic targets. However, the practicalities of performing WGS on clinical samples are poorly defined. This study was designed to test sample preparation, sequencing specifications and bioinformatic algorithms for their effect on accuracy and cost-efficiency in a large WGS analysis of human melanoma samples. WGS was performed on melanoma cell lines (n ¼ 15) and melanoma fresh frozen tumours (n ¼ 222). The appropriate level of coverage and the optimal mutation detection algorithm for the project pipeline were determined. An incremental increase in sequencing coverage from 36X to 132X in melanoma tissue samples and 30X to 103X for cell lines only resulted in a small increase (1-2%) in the number of mutations detected, and the quality scores of the additional mutations indicated a low probability that the mutations were real. The results suggest that 60X coverage for melanoma tissue and 40X for melanoma cell lines empower the detection of 98-99% of informative single nucleotide variants (SNVs), a sensitivity level at which clinical decision making or landscape research projects can be carried out with a high degree of confidence in the results. Likewise the bioinformatic mutation analysis methodology strongly influenced the number and quality of SNVs detected. Detecting mutations in the blood genomes separate to the tumour genomes generated 41% more SNVs than if the blood and melanoma tissue genomes were analysed simultaneously. Therefore, simultaneous analysis should be employed on matched melanoma tissue and blood genomes to reduce errors in mutation detection. This study provided valuable insights into the accuracy of SNV with WGS at various coverage levels in human clinical cancer specimens. Additionally, we investigated the accuracy of the publicly available mutation detection algorithms to detect cancer specific SNVs which will aid researchers and clinicians in study design and implementation of WGS for the identification of somatic mutations in other cancers.
Summary
Whole genome sequencing (WGS) of cancer patients' tumours offers the most comprehensive method of identifying both novel and known clinically-actionable genomic targets. However, the practicalities of performing WGS on clinical samples are poorly defined. This study was designed to test sample preparation, sequencing specifications and bioinformatic algorithms for their effect on accuracy and cost-efficiency in a large WGS analysis of human melanoma samples. WGS was performed on melanoma cell lines (n ¼ 15) and melanoma fresh frozen tumours (n ¼ 222). The appropriate level of coverage and the optimal mutation detection algorithm for the project pipeline were determined. An incremental increase in sequencing coverage from 36X to 132X in melanoma tissue samples and 30X to 103X for cell lines only resulted in a small increase (1-2%) in the number of mutations detected, and the quality scores of the additional mutations indicated a low probability that the mutations were real. The results suggest that 60X coverage for melanoma tissue and 40X for melanoma cell lines empower the detection of 98-99% of informative single nucleotide variants (SNVs), a sensitivity level at which clinical decision making or landscape research projects can be carried out with a high degree of confidence in the results. Likewise the bioinformatic mutation analysis methodology strongly influenced the number and quality of SNVs detected. Detecting mutations in the blood genomes separate to the tumour genomes generated 41% more SNVs than if the blood and melanoma tissue genomes were analysed simultaneously. Therefore, simultaneous analysis should be employed on matched melanoma tissue and blood genomes to reduce errors in mutation detection. This study provided valuable insights into the accuracy of SNV with WGS at various coverage levels in human clinical cancer specimens. Additionally, we investigated the accuracy of the publicly available mutation detection algorithms to detect cancer specific SNVs which will aid researchers and clinicians in study design and implementation of WGS for the identification of somatic mutations in other cancers.
INTRODUCTION
Whole-genome sequencing (WGS) of fresh-frozen tumours has enabled the characterisation of the entire genomic profile of a patient's cancer, theoretically allowing the identification of virtually all possible genomic drivers, disease modifiers and risk factors, thereby facilitating the selection of the most appropriate treatment options for an individual patient's disease. 1, 2 Unlike whole exome sequencing (WES), which only analyses the portion of DNA that is transcribed into proteins ($1.2% of the genome), WGS covers the entire genome. Until very recently, the use of WES or WGS in the clinical setting has been restricted by the prohibitive costs of sequencing and the additional necessary computing resources needed to perform downstream data analysis. However, with the advent of new technologies, the cost of WGS of a patient's genome has recently dropped below US$1000. 3 Therefore, we can expect its clinical use to rapidly expand due to greater accessibility to clinicians and affordability for patients. In fact many small scale trials have already implemented WGS in the clinic, resulting in altered clinical care based on the increase in knowledge of the cancer genome and the development of novel therapies that target the protein products of specifically mutated genes.
approaches and despite technological advances, some of the practicalities of performing WGS are not well outlined for clinical samples. 7 Methodological factors that need to be considered in performing WGS on clinical samples include: appropriate sample selection, storage, preservation and macrodissection for tumour enrichment, DNA preparation, sequencing specifications and accuracy of the variant detection algorithms. The importance of sample selection and DNA extraction can be overlooked, leading to unusable or inaccurate data. 8 Patient biopsies often contain an assortment of tumour and non-tumour cells such as immune, stromal and endothelial cells. The presence of the latter in substantial numbers reduces the ability to detect somatic mutations within tumours by genome sequencing and can lead to false negative mutation calls. [9] [10] [11] This can have serious consequences for patient care, as patients with false negative results could be incorrectly designated as ineligible for a personalised treatment that could have been effective.
Another major factor to consider when performing WGS is the number of replicate sequences (or reads) of the genome that is required to accurately identify all mutations present. Sequencing coverage (X) expresses the average number of times an average nucleotide base will have been read in a given sample. 12 However, coverage varies across the genome due to variability in sampling and ease of sequencing; it is desirable to maximise coverage to obtain data on a greater proportion of the genome. Selecting the appropriate coverage for a project is often a balancing act between sensitivity and costs, with increased levels of coverage producing more reliable and sensitive variant detection capabilities but at an increased cost. 7 For sequencing projects, this results in a choice between increased coverage per sample but lower overall sample numbers or higher sample numbers and reduced sensitivity to detect rare or low frequency events. Deciding upon the appropriate coverage levels for a WGS assay is a vital aspect of clinical and research WGS. Coverage levels of 10-30X to detect putative germline mutations (usually derived from blood DNA) have been suggested, while higher coverage levels (>40X) are considered necessary for mutation detection with tumour samples due to contamination by normal cells, tumour heterogeneity and amplification bias. 7, 13 The algorithms and processing tools that are used to convert raw sequencing data into annotated lists of mutations can often be the most expensive and infrastructure-intensive aspect of the WGS process. The sequencing platforms produce large text files of nucleotide sequences that need to be aligned to the reference genome using algorithms such as the BurrowsWheeler aligner (BWA).
14 Variant detection algorithms such as SAMtools can then detect alterations between the genomes based on the probability of a variant occurring in that genomic region, 15 whilst taking into account sequencing error and predicted polymorphism rates. There are over 205 tools for WGS data analysis that differ in their statistical approach, number of variants identified and type of mutations detected by each algorithm. 16, 17 However, for matched blood and melanoma tissue samples, these algorithms are founded on two basic principles of detecting somatic mutations in cancer: (1) subtraction method, whereby the mutations are compared to a synthetic reference genome separately for the matched blood and the tumour samples, then mutations present in the blood are removed from the tumour calls by subtraction or filtering; (2) simultaneous detection of the matched tumour and blood samples uses probability based statistics to filter mutations that are unique to the tumour sample. 18 The choice of the bioinformatics variant detection algorithm and methodology has an effect on the data produced from the raw WGS. 19 In the present study, part of the Australian Melanoma Genome Project (AMGP) which will complete WGS of 400 human melanomas by the end of 2015, we performed a rigorous optimisation process for sample preparation, quality control, sequencing coverage level analysis and the mutation detection methodology via the WGS of 222 patients' matched melanoma and normal white blood cell genomes. The results of this study provided some valuable insights into the accuracy to detect single nucleotide variants (SNVs) at various coverage levels in different sample types. Additionally, we investigated the accuracy and specificity of the simultaneous versus the subtraction methodology using publicly available mutation detection algorithms.
METHODS AND MATERIALS

Study overview
WGS was performed on genomic DNA extracted from matching blood and melanoma tissue samples on the Illumina HiSeq2000 platform (Illumina, USA). The study was designed to optimise the sample preparation, sequencing specifications and bioinformatic algorithms to decide upon the most accurate and cost-efficient methodology to be used in the AMGP. We began with a pilot study that performed WGS on a cell line and melanoma tissue samples to determine the appropriate level of coverage and optimise the mutation detection algorithms. Samples were sequenced in individual flow cell lanes and the data later combined to simulate incremental levels of coverage, 20-60X for blood genomes and 40-100X for tumour genomes. Variant detection was then performed at increasing coverage levels to determine the appropriate coverage for each DNA source. We then optimised the mutation detection algorithms to determine the methodology that produced the most reliable and accurate variant detection.
Specimen collection
The tissue and blood samples analysed in the current study were obtained from Australian melanoma biospecimen banks, which include the Melanoma Institute 
Study population
Patients were selected for WGS based on the availability of fresh frozen melanoma tissue and blood that fulfilled the following clinical criteria:
1. Primary melanoma with a patient matched melanoma metastasis (any metastatic site). 2. Primary melanoma with greater than 3 years clinical follow-up and prior mRNA array data or known sentinel lymph node biopsy (SLNB) status. 3. Regional lymph node metastasis with greater than 3 years of clinical followup data and prior mRNA array data. 4. Distant metastasis to the small intestine (limited to 8 samples) or brain (unlimited number of samples). 5. Melanomas of any stage of disease that arose from mucosal epithelium. Any sample with a primary melanoma that bordered cutaneous epithelium was excluded. 6. Melanomas of any stage of disease that arose from acral skin. Any sample with a primary melanoma that bordered non-acral skin was excluded. 7. Human melanoma cell lines with prior drug screen data were also included (limited to 15 samples).
Patients were excluded if they had received prior chemotherapy or radiotherapy to the biopsy site or if they had existing exome or WGS data available.
Tissue DNA extraction and quality assessment
Fresh surgical specimens were macro-dissected and tumour tissue was procured (with as little contaminating normal tissue as possible) and snap frozen in liquid nitrogen within 1 hour of surgery. For primary tumours, only macroscopically visible tumour was banked. The fresh-frozen tumour samples were sectioned on a cryostat (CM1520; Leica, Germany) and the slides were stained with haemotoxylin and eosin (H&E). Areas with high tumour content (>80% if possible) were marked and reviewed by pathologists (RV and RAS). The following features were evaluated for the selected area: percentage of tumour nuclei, percentage of non-tumour nuclei, percentage area displaying necrosis, degree of pigmentation ( Fig. 1A-D ; absent, mild, moderate, severe), predominant cell shape ( Fig. 1E-G ; epithelioid, spindle and mixed epithelioid and spindle), tumour cell size of the most cellular portion of the tumour, and the density of tumour-infiltrating lymphocytes (TILs) as previously described and depicted in Fig. 1H -K. [20] [21] [22] [23] Cell size was measured as the longest dimension of the nuclei in ten representative cells using the measure tool in Leica's LAS software on photomicrographs taken using a 20Â objective ( Fig. 1L ; DM2000; Leica). The minimum tissue criterion needed for inclusion in the study was a macro or microdissectible tumour area containing greater than 80% tumour content and less than 30% necrosis as marked. Samples that needed tumour enrichment underwent macrodissection using a marked H&E slide as a reference to remove non-tumour or necrotic tissue under sterile conditions (Fig. 1M,N) . Tumour DNA was then extracted using DNeasy Blood and Tissue Kits (69506; Qiagen, Germany), according to the manufacturer's instructions. Blood DNA was extracted from whole blood using the Flexigene DNA Kit (51206; Qiagen). All individual samples were quantified using the NanoDrop (ND1000; ThermoScientific, USA) and Qubit dsDNA HS Assay (Q32851; LifeTechnologies, USA) and DNA size and quality were tested using electrophoresis gels. Samples with a concentration of less than 50 ng/mL or absence of a high molecular weight band in electrophoresis gels were excluded from further analyses.
Cetyltrimethyl ammonium bromide (CTAB) DNA clean-up
Excessive melanin pigment was removed from tissue-derived DNA using a modified CTAB clean-up process. 24 Briefly, fresh CTAB was made with 50 mM Tris-HCL, 1% CTAB (#52365; Sigma, USA), 4 M urea (#U5378; Sigma), 1 mM EDTA and RNAse-free water. Per 100 mL of DNA elution buffer, 39 mL of 5 M NaCl was added, then 500 mL of CTAB-Urea solution added, mixed and left overnight at 48C on a rotator. Samples were then spun at 15,000 g for 15 min at 48C. Supernatant was discarded and the DNA pellet resuspended in 200 mL of buffer ATL, to which 200 mL of buffer AL and 200 mL of absolute ethanol were added and the subsequent solution pipetted onto a DNA extraction column. Columns were spun and washed in buffer AW1, AW2 and the DNA was eluted in 100 mL of buffer AE.
Whole genome sequencing
WGS was undertaken at three Australian sequencing facilities (Australian Genomic Research Facility, Ramaciotti Centre for Genomics, John Curtin School of Medical Research) managed by the Australian government infrastructure enabling body, Bioplatforms Australia, and also at Macrogen (South Korea). All facilities carried out the following protocols. Library construction was performed using TruSeq DNA Sample Preparation kits as per Illumina instructions. Sample DNA (1 mg) was fragmented into 300-400 base pair (bp) average insert size with 3 0 or 5 0 overhangs. End repair mix was then used to convert the fragmented DNA into blunt ends by removing the 3 0 overhangs and the polymerase activity fills the 5 0 overhang. The 3 0 ends were then acetylated to add a single 'A' nucleotide to the 3 0 to reduce chimera formation. Ligate adapters were then used to attach adapters to the DNA fragments so they could be loaded into a flow cell and purified to remove unligated adapters to generate a final product with an insert size of 300-400 bp. PCR was then used to selectively enrich DNA fragments with adapter molecules at both ends for sequencing. Postamplification quality controls were performed using DNA High Sensitivity Labchips (Agilent Bioanalyzer; Agilent, USA). The libraries were then pooled and clustered using the iBOT and ready for sequencing. The 100 bp pair-end library was sequenced on a Hiseq2000 using a Truseq SBS V3-HS kit (Illumina). Each sample was analysed in the minimum number of lanes to generate the total data output (i.e., full lanes dedicated to one sample rather than multiplexing unless a half lane is needed to achieve the final desired output). FASTQ files were then sent to the bioinformatics pipeline for analysis.
Detection of somatic nucleotide variation
To detect somatic variants in each sample, a variant detection pipeline was implemented that was derived from an existing pipeline originally designed for mouse exome analysis. 25 The new pipeline consists of a MySQL tracking database Supplementary Fig. 1 , http://links.lww.com/PAT/A38 in addition to a versioned code base containing custom Perl code, external annotation files, and external binaries. For each new patient, an automated script enters sample and sequencing metadata into the tracking database, information such as tumour and tissue type as well as the number of lanes for the each tumour and control sample. The script further creates all the necessary files for submission of jobs onto the 57,000-processor compute cluster raijin (http://nci.org.au/nci-systems/ national-facility/peak-system/raijin/) hosted at the National Computational Infrastructure (NCI) at the Australian National University. The utilisation of the NCI was required as analysis of each pair of patient samples requires 1000 CPU hours and 1 terabyte of storage. Once entered into the system, each sample followed a pre-defined workflow (Fig. 2) ensuring reproducible results and further allowing users to make consistent comparisons across samples analysed at different stages of the project. This workflow consisted of three main phases: alignment, variant detection and annotation.
i) Alignment
Each individual paired lane was aligned to the human reference genome GRCh37 using the short read aligner BWA 14 with default parameters unless a non-standard base quality encoding was utilised. Repetitively aligned reads were filtered out from the SAM file and a sorted BAM file generated. Alignment statistics were generated from the BAM file using the SAMtools 15 flagstat command and only lanes with 90% or more of the reads aligning to the reference genome were further processed. When all the sequencing lanes for a patient had been aligned and had passed quality control steps, single merged BAM files were created for the control sample and each tumour sample using SAMtools merge. Duplicate reads were subsequently removed from each merged BAM file using the SAMtools rmdup command, a step that aims to avoid the detection of false positive variants arising due to PCR duplication. Coverage levels for each sample were computed and checked against minimum requirements of the project (40X for control / cell line tumour samples and 60X for tissue derived tumours).
ii) Variant detection
Variant detection utilised SAMtools and BCFtools to generate a VCF file for each chromosome. Variants were filtered first on their variant quality score (>40, higher score indicating reduced risk of false base call) and then their CLR score (>60), a score that measures the probability that the tumour and control had different genotypes. Variants from each chromosome were next merged and classified according to variant type (SNVs or indels) and further segregated into germline, LOH, or somatic categories with only somatic variants processed further.
iii) Annotation
All variants were overlapped with ENSEMBL's canonical transcripts and run through the variant effect predictor (VEP). 26 to determine whether the SNVs represented non-synonymous changes and to obtain additional annotations. Polyphen and SIFT scores were extracted in order to prioritise variants by predicting the functional impact of the missense mutations on the protein.
Variants that overlapped with exon splice sites (defined as 10 bases either side of exon) were considered the most likely to be pathogenic. Finally, variants were overlapped with dbSNP 27 to determine whether the variant had been previously reported in the general population and to record allele frequencies of variants matching dbSNP.
To compare the somatic variants with previous cancer studies, we annotated genes in Vogelstein's influential paper 28 and provided a link to the COSMIC repository. 29 Variants found to have an exact coordinate match to existing COSMIC entries were further annotated with special attention paid to variants previously detected in melanoma studies. The final step was the generation of separate variant reports for SNVs and small indels that integrated all the information calculated during analysis which was accessed from the tracking database. The reports contained sequence information for the variants in the tumour and control samples as well as extensive gene annotations and links to external resources. Figure 3 depicts the selection and exclusion process of the samples that underwent WGS. In total, over 445 patients were identified as having fresh frozen melanoma tissue in the MIA biospecimen bank that fitted the criteria for the study. The major causes of exclusion from the study were lack of a blood or other germline sample (n ¼ 93) and prior radiotherapy or chemotherapy (n ¼ 17).
RESULTS
Patients and melanoma samples
Tissue and DNA quality controls excluded 83 samples due to low tumour content (<80%), high necrosis (>30%) and consequent poor quality DNA. A proportion of patients had undergone prior genome sequencing in other studies and therefore were excluded from this analysis (n ¼ 30). Seventy-nine primary melanomas were suitable for WGS, the subtypes of which included 26 nodular (33%), 14 superficial spreading (SS) (18%), 11 acral lentiginous (14%), nine desmoplastic (11%), five SS with a dominant dermal nodule (6%) and one lentigo maligna melanoma (1%). The subtype of 13 cases (17%) was unknown at time of analysis (Fig. 4A, B) . Additionally, 142 metastatic melanoma samples were included in the WGS study, comprising 21 in-transit metastases, 72 regional lymph node metastases, 34 distant metastases and 15 cell lines (Fig. 4A, C) . The subtype of the likely causal antecedent ('culprit') primary was determined using a published algorithm, 30 indicating that the metastatic samples were derived from 19 acral lentiginous, four desmoplastic, 40 SS, 40 NM and eight SS with a dominant dermal nodule. In eight cases the primary melanoma was occult. The primary melanoma subtype for 23 samples is still to be determined.
Genomic DNA quantification and quality controls During the DNA extraction process it became apparent that the eluted DNA remained pigmented when extracted from pigmented melanoma tissue. This was a concern as melanin has been shown to inhibit PCR reactions and can interfere with downstream library preparation. 13 Additionally, the DNA from pigmented samples demonstrated a significant over-estimation in DNA concentration when measured with the spectrometrybased NanoDrop compared with the fluorometric based Qubit assay ( p ¼ 0.008; Supplementary Fig. 2A , http://links.lww. com/PAT/A38): pigmented samples often measured many fold higher using the NanoDrop compared to the Qubit assay due to the absorbance attributable to melanin. The pigmented DNA Therefore any pigmented tissue samples that produced pigmented DNA, smearing on electrophoresis gels or had abnormally high NanoDrop readings underwent a cleanup process using a modified CTAB method. 24 We measured the DNA concentration before and after the clean-up process on both assays. The concentrations of the CTAB clean-up DNA was reduced in the NanoDrop readings but the Qubit readings were often stable or increased due to differences in elution volumes, suggesting minimal loss of double stranded DNA and removal of melanin ( p ¼ 0.476). Subsequent electrophoresis gels of the cleaned-up DNA show less DNA fragmentation following CTAB treatment ( Supplementary Fig. 2B , http://links.lww. com/PAT/A38) and the copy number plots from the WGS data shows an intact genome ( Supplementary Fig. 2C , http:// links.lww.com/PAT/A38).
Optimal coverage level determination
In order to determine optimal coverage levels, two melanoma tissue samples and one melanoma cell line were sequenced to depths of at least 100X. Sequence data were then subsampled to test tumour coverage levels in one sequencing lane increments, ranging from 30-132X against a control cover level of three lanes of sequencing. For each coverage level, somatic variants were identified, average quality scores calculated and variants compared to dbSNP v135. 31 For the melanoma tissue samples (SCC09 and SMU11), Table 1 shows <1% additional variants were identified at 124-132X compared to 61-64X coverage levels. Furthermore, somatic variants identified at 61-64X have mean SNV qualities of 212 and 216 while the variants added at 124-132X are of lower quality with means of 90 and 65 (Fig. 5A-D) . However, 0.7-2.4% of SNVs were added at coverage levels less than 60X (Table 1) . Consequently, for melanoma tissue samples we concluded that coverage above 60X only results in a minor increase in the total number of additional variants, the majority of which have quality scores that are indicative of false positive variants. The coverage analysis was then performed on the genome derived from melanoma cell line A15. This showed that increasing coverage from 30X to 40X resulted in a 1% increase in the total number of SNVs that were detected at 103X (Fig. 5E) , with the gain in the number of SNVs levelling off below 1% beyond 43X. Less than 1% more variants were identified at 103X compared to 43X and these variants had a mean quality of 70 compared to 209 mean quality for variants at 43X (Fig. 5F ). Therefore, we selected a minimum coverage of 40X for all cell line derived samples. Likewise, coverage below 40X for blood derived DNA resulted in a reduction of 1.5-5% of total SNVs compared to coverage greater than 40X (Table 1 and Fig. 5G-I ). Therefore coverage of at least 40X was recommended for blood derived genomes Fig. 4D .
Variant detection optimisation: independent versus paired variant detection
Two options for somatic variant detection were initially considered. The first option was to call variants independently on the tumour and normal samples using SAMtools/BCFtools followed by extraction of tumour unique somatic variants by detecting variants present in the tumour sample and absent in the normal sample. The second option was to call variants simultaneously using SAMtool's paired mode followed by an additional filtering step on the CLR score. Several samples were analysed to determine which method generated more reliable tumour specific variant calls.
Detection of variants simultaneously yielded an average of 40% less somatic variants with virtually all variant calls being a subset of variants detected using the independent detection method (Fig. 6 ). Further examination of the 40% of variants detected solely with the independent method revealed that they generally fell into the following categories: (1) the tumour sample contained a variant while the normal sample had insufficient coverage to make a variant call either way, or (2) the tumour sample variant was slightly above the variant cut-off score while the normal sample was slightly below the variant cut-off ( Supplementary Fig. 3 Fig. 3 Patient inclusion and exclusion process for the patient cohorts. A database audit of the biospecimen banks yielded candidate samples. Patient samples were excluded on the presence of appropriate germline samples, prior radio or chemotherapy, poor quality tumour (<80% tumour content or >30% necrosis), poor quality or quantity of genomic DNA (lack of high molecular weight band in electrophoresis gel, concentration <50 ng/mL and <1 mg total) or existence of prior exome or whole genome sequencing data. AUSTRALIAN MELANOMA GENOME PROJECT PAT/A38). As variants in these categories are likely to either be false positives or inconclusive we concluded that the simultaneous detection method yielded more reliable somatic variant calls and was utilised in our analysis.
DISCUSSION
The accuracy and sensitivity of WGS data depends on appropriate sample preparation, sequencing specifications and the selection of an appropriate mutation detection algorithm. The current study determined the optional WGS coverage for human melanoma tissue and blood genomes and optimised freely available mutation detection algorithms to accurately call mutations unique to the tumour genome, whilst limiting false positive calls. Our study found that an increase in sequencing coverage from 60X to 120X in melanoma samples resulted in a minimal increase in the detection of SNVs, the quality of which indicated they could be false positive calls or in a minor subpopulation of tumour cells. Likewise, melanoma cell line genomes reach saturation for SNV discovery at around 40X, most likely due to their greater purity and increased homogeneity. The study suggests that these coverage levels empower the detection of 99% of informative SNVs, which would represent a sensitivity level at which clinical decision making or landscape research projects can be carried out with a high degree of confidence. However, lower coverage WGS (5-15X) has been used to detect high frequency variants in genome wide association studies and by The Cancer Genome Atlas, 32 but the sensitivity to detect rare or low frequency events is diminished. Nevertheless, variant detection algorithms and sequencing technologies are constantly evolving, with improvements being made to the accuracy, speed and ability to accommodate lower levels of coverage. 33, 34 Therefore, the appropriate coverage levels for a specific project may vary depending on the tissue type, sequencing technologies, detection algorithms and the type of questions the data needs to address.
Likewise the detection methodology, subtraction versus the simultaneous variant detection, had significant effect on the number and quality of SNVs detected, finding that the subtraction methodology with SAMtools resulted in a 41% increase in the number SNVs detected over the simultaneous detection method. These results are similar to those of other studies that found the additional SNV calls are the result of library preparation bias, sequencing errors and mutation detection artifact due to read depth imbalances that represent false positive calls. 25 Therefore, the simultaneous detection approach should be employed on matched tumour and control genomes to reduce false positive variant calls.
The current study highlights some basic steps that are required to achieve high quality input DNA and accurate sequencing data from clinical melanoma specimens. The key to achieving this is the accurate evaluation and selection of areas of tumour for macrodissection by a skilled pathologist. With careful macrodissection of the pathologist-selected tumour region and subsequent quality controls, factors that contribute to erroneous results such as low tumour content, excessive necrosis or misclassified samples can be better avoided. If the tissue analysed is suboptimal, this can have long-term implications for further research as the genome sequencing results are made publicly available for use by the wider cancer research community. Therefore the process of sample selection and preparation is critical in WGS as subsequent results depend upon the accuracy of these steps. Copyright © Royal College of pathologists of Australasia. Unauthorized reproduction of this article is prohibited.
Melanoma tissue preparation for WGS is especially problematic for sequencing due to naturally occurring melanin which interferes with spectrometer-based DNA quantification and PCR reactions. 24 The presence of melanin in the library preparation can inhibit library preparation and may even induce sequencing artifact. We sought to remove pigmentation prior to library preparation using the CTAB clean-up method. Results show this process removes pigment and improves the quality of the genomic material on electrophoresis gels, which is then suitable for WGS. The results show that cleaning the DNA with CTAB results in minimal loss of genomic material as measured via Qubit and the copy number plots of the WGS of these samples appears to be consistent with non-pigmented tumour genomes. Therefore, a fluorometric based method should be used to accurately quantify double-stranded DNA concentrations in melanoma-derived DNA and a modified CTAB clean-up protocol can be used to produce suitable genomic material for WGS from heavily pigmented samples.
The Australian Melanoma Genome Project has performed WGS on 222 human melanoma samples and gained valuable insight into WGS and analysis of clinical melanoma samples. Data generated by the project will be made publicly available in order to make a substantial impact on future melanoma diagnosis and treatment. The current study outlines practical guidelines for sample preparation, quality control, sequencing methodology and mutation detection algorithms that will aid researchers and clinicians in sequencing patient-derived melanoma samples on a large scale. 
